Abstract -Distinctive EEG signals from the motor and somatosensory cortex are generated during mental tasks of motor imagery (MI) and somatosensory attentional orientation (SAO). In this paper, we hypothesize that a combination of these two signal modalities provides improvements in a brain-computer interface (BCI) performance with respect to using the two methods separately, and generate novel types of multi-class BCI systems. Thirty two subjects were randomly divided into a Control-Group and a Hybrid-Group. In the Control-Group, the subjects performed left and right hand motor imagery (i.e., L-MI and R-MI). In the HybridGroup, the subjects performed the four mental tasks (i.e., L-MI, R-MI, L-SAO, and R-SAO). The results indicate that combining two of the tasks in a hybrid manner (such as L-SAO and R-MI) resulted in a significantly greater classification accuracy than when using two MI tasks. The hybrid modality reached 86.1% classification accuracy on average, with a 7.70% increase with respect to MI (P < 0.01), and 7.21% to SAO (P < 0.01) alone. Moreover, all 16 subjects in the hybrid modality reached at least 70% accuracy, which is considered the threshold for BCI illiteracy. In addition to the two-class results, the classification accuracy was 68.1% and 54.1% for the three-class and four-class hybrid BCI. Combining the induced brain signals from motor and somatosensory cortex, the proposed stimulus-independent hybrid BCI has shown improved performance with respect to individual modalities, reducing the portion of BCI-illiterate subjects, and provided novel types of multi-class BCIs.
I. INTRODUCTION
A BRAIN-COMPUTER interface (BCI) provides a promising communication and control tool that enables the brain to interact directly with physical and virtual environments [1] . Stimulus-independent BCI systems are fully controlled by selfinitiated top-down modulation of brain rhythms [2] - [4] , and have been extensively investigated [5] - [9] .
Motor imagery (MI) is the most commonly chosen cognitive task for stimulus-independent BCI applications [10] , [11] . Imagination of the kinesthetic movements of their limbs, such as left/right hand [12] - [14] , generates event related (de)synchronization (ERD/ERS) in the users' motor cortex that can be reasonably accurate. Event-related desynchronization (ERD) and event-related synchronization (ERS) are defined as the percentage of power decrease (ERD) and increase (ERS) in a defined frequency band in relation to a reference interval (base-line) [15] . Typically, the Common Spatial Pattern (CSP) is implemented within the classification algorithm [6] , [7] , [16] , however recent studies [17] , [18] , have reported gains in accuracy of approximately 5% when using CSP extensions and optimized spatial-spectrum filtering based on mutual information. However, some users still fail to reach the acceptable level of accuracy, which is often set to 70%, even with state-of-the-art algorithms [17] . Indeed, experimental evidence has shown that a significant portion of individuals cannot successfully use MI-based BCI systems. This phenomenon has been called the "BCI-illiteracy" problem [19] - [22] . It has been suggested that using a BCI is a skill that has to be learned [1] and thus training to successfully use the BCI has an important role on system performance [3] , [23] . Nonetheless, even after several training sessions, some individuals still remain BCI illiterate [24] , [25] . The impact of this problem has been reduced by co-adaptive systems in which both the machine learning algorithm and the user adapt [26] . Another approach consists in including more than one BCI modality in order to increase the contrast between classes. For example, recently, we proposed to instruct the subjects to perform a stimulation sensation task and a motor imagery task, thus proposing a hybrid two-class BCI. The experimental evidence indicated that the hybrid augmentation effect could significantly improve the conventional MI based two-class BCI performance, independent of subject training [27] .
Motivated by these promising results on somatic attention with stimulation, we have further proposed to eliminate the tactile sensation from this paradigm and to rely exclusively on imagined sensation [28] . We showed that somatic attention without physical tactile stimulation, i.e. imagined tactile sensation, can be decoded from the spontaneous rhythm mainly from the somatosensory cortex. We refer to this as somatosensory attentional orientation (SAO). SAO can be utilized as a novel type of stimulus independent BCI system [28] . In the SAO task, the subjects shift and maintain the somatosensory attention on their body part, without any physical tactile stimulation.
SAO and MI are cross-modal mental tasks independent of exogenous stimuli, with the first corresponding to shifting and maintaining the somatosensory attentional resources to the focused body part, while the second corresponding to mentally simulating the kinesthetic movement of a limb. Covert volitions, both imagined motor intention and attentional concentration intention, are reflected behind the spontaneous EEG rhythm. SAO and MI have distinctive neurophysiological origins: SAO arises from the somatosensory cortex, and MI is generated by the motor cortex. In this study, we hypothesize that using these two modalities together in a hybrid BCI would improve the classification performance, compared to the conventional two-class MI BCI that is based on brain signals from the motor cortex only. Aside from the potential improved two-class performance, we also hypothesize that the combination of SAO and MI would provide novel types of multi-class BCI systems, increasing current limited BCI commands especially in a stimulus-independent BCI framework.
II. MATERIALS AND METHODS

A. Subjects
Thirty-two healthy subjects, all naïve to BCI or EEG, participated in the experiments (30 male/2 female, all right handed, age: 25.0 ± 2.4 years). The subjects were randomly assigned to a Control-Group and a Hybrid-Group, with 16 subjects in each group (15 male/1 female, age of 25.6 ± 2.3 years in the Control-Group; 15 male/1 female, age of 24.4 ± 2.3 years in the Hybrid-Group). The study was approved by the Ethics Committee of Shanghai Jiao Tong University, China. All participants were informed of the experimental protocol and signed informed consent forms prior to participation.
B. EEG Acquisition
EEG signals were recorded using a SynAmps2 system (Neuroscan, U.S.A.). A 64-channel quick-cap was used to acquire 62-channel EEG signals, with electrodes placed according to the extended 10/20 system. The reference electrode was located on the vertex, and the ground electrode on the forehead. An analog bandpass filter (0.5 to 70Hz) and a notch filter at 50Hz were applied to the raw signals. Signals were digitally sampled at 250 Hz. Common average reference (CAR) was used for off-line analysis.
C. Experimental Paradigm
In the MI task, the subjects were instructed to mentally simulate kinaesthetic movements of their left or right hand, like wrist movement imagination. In the SAO task, the subjects were asked to shift and maintain the somatosensory attention on either the left or the right hand [28] , and to imagine sensation even when there were no tactile stimuli. Subjects were instructed to imagine the tactile sensation and maintain the attention on the corresponding hand, as if there was tactile stimulus on the wrist skin. The Hybrid-Group performed four mental tasks according to randomly presented cues (i.e., L-MI, R-MI, L-SAO, and R-SAO), whereas the ControlGroup performed only MI tasks according to the randomly presented cues (i.e., L-MI and R-MI). See Fig. 1 for a graphic illustration.
1) Hybrid-Group Paradigm: For the Hybrid-Group paradigm, the subjects sat in a comfortable armchair in an electrically shielded room. A computer screen was placed at a distance of 1.5 m from the subject. With forearms and hands resting on armrests, the subject sat still while limiting eye blinks and avoiding facial or arm movements. Subjects were required to perform a total of 240 trials in six runs. There were 40 trials in each run, with 10 trials for each of the four task types: L-MI, R-MI, L-SAO, and R-SAO. At the beginning of each trial, a "+" sign appeared on the center of the screen. At the 1st second, a vibration burst with the same intensity stimulated both hands to alert the user of the impending subsequent task. Each vibration pulse lasted 200 ms. At the 3rd second, a red cue arrow pointing either upper left (L-MI), upper right (R-MI), lower left (L-SAO) or lower right (R-SAO) was presented visually on the computer screen, superimposed on the "+" and lasting for 1.5s. Subjects were instructed to perform the mental task after the cue arrow appeared. The mental task continued until the 8th second when the "+" disappeared. Then, the subjects were asked to relax for 1.5 s, during which they were free to blink their eyes. The next trial started after a random delay of 0 to 2s following the relaxation period. The single-trial procedure is shown in Fig. 1 (1) .
2) Control-Group Paradigm: In the Control-Group paradigm, the subjects performed MI according to a cue. A total of 120 trials were performed by the subjects in three runs. The single-trial procedure was the same as in the HybridGroup paradigm, except that the subjects only performed the L-MI or R-MI tasks. The single-trial procedure is shown in Fig. 1 (2) .
D. Time-Frequency Decomposition and Calculation of ERD/ERS
EEG data were manually corrected for artifacts such as eye-blinks, using the EEGLAB toolbox [29] . The trials with too severe artifacts such as head movement were discarded, such that for every subject more than 45 trials were used for subsequent the analysis. However, note that no trials were discarded for the classification evaluation. Time-frequency decomposition of each trial and for each EEG channel was performed to construct the spatial-spectral-temporal structure according to the predefined mental tasks. This was calculated every 200 ms with a hanning tapper, convoluted with a modified sinusoid basis in which the number of cycles linearly changed with frequency to achieve a proper time and frequency resolution [30] . The R 2 index [31] , [32] was calculated based on the above spatial-spectral-temporal structures between mental tasks, and the contrast image of the R 2 index was used to present the classification results.
The physiological meaningful frequency bands of alpha ([8 13] Hz), beta ([13 26] Hz), or alpha beta ( [8 26 ] Hz) were adopted for EEG filtering before the ERD/ERS calculations. The reference interval for the ERD/ERS calculation was −800ms to −100ms prior to the appearance of the cue. Trials with severe artifacts such as head movement in this reference period were discarded.
E. Algorithms and Performance Evaluation
The signals were spatially filtered with the Common Spatial Pattern (CSP) technique [33] - [35] . The log variance of the first three and last three components of the CSP spatially filtered signals (corresponding to the three largest eigenvalues and three smallest eigenvalues), were chosen as feature vectors, and linear discriminative analysis (LDA) was selected as the classifier.
EEG signals with respect to different MI and SAO tasks were extracted for performance evaluation, i.e. the time period was chosen from 1s to 4 s after the appearance of the cue (the timing interval of the 4th to 7th seconds from the beginning of the trial). As the most discriminative frequency bands are highly subject-dependent, the bands were selected as: lower alpha [8 10 ] Hz (α−), upper alpha [10 13 ] Hz (α+), lower beta [13 20 ] Hz (β−), upper beta [20 26 ] Hz (β+), alpha [8 13 ] Hz (α), beta [13 26 ] Hz (β), alpha-beta [8 26 ] Hz (αβ), and [10 16 ] Hz (η, good for some subjects to our experience). A fourth-order Butterworth filter was applied to the raw EEG signals before the CSP spatial filtering. A 10×10 fold crossvalidation was utilized to evaluate the BCI performance among different frequency bands, and for selecting the sub-optimal frequency band.
F. Statistic Analysis
One-way ANOVA with repeated-measures was used to analyze performance differences among different BCI modalities within the Hybrid-Group (with α = 0.05), and multi comparisons with Bonferroni correction was used for Post-hoc testing. Also Unpaired t-test was used for BCI performance comparison between the Control-Group and the Hybrid-Group with Bonferroni-correction.
III. RESULTS
A. Hybrid for Improved Two-Class BCI Performance
One motor imagery and one SAO were combined to form a hybrid task BCI, such as L-MI and R-SAO or L-SAO and R-MI. The hybrid modality was individually chosen such that it achieved the highest performance, as indicated in the last column of Table I . The hybrid effect was the improvement of the two-class performance of a hybrid configuration, as compared to MI and SAO alone. Fig. 2 summarizes the average performance in the ControlGroup and Hybrid-Group. The discrimination accuracy of the MI showed no significant difference between the ControlGroup and the Hybrid-Group (P = 0.2745), while the hybrid modality in the Hybrid-Group was significantly greater by 12.49% than that of MI in the Control-Group (P = 0.0014). Within the Hybrid-Group, a paired t-test showed that the hybrid modality achieved a significantly greater BCI performance (P = 0.0029). Table I outlines the pairwise classification results of the four mental tasks in the Hybrid-Group, and the subject specific frequency band that was selected as seen in the brackets from the table. The discrimination among the MI modality, the SAO modality, and the hybrid modality, were further analyzed. One-way ANOVA with repeated-measures showed Multiple comparisons with Bonferroni correction (with α = 0.05) showed that the hybrid modality had a classification accuracy that was on average 7.70% greater than the MI modality (the 95% confidence interval of the difference was [2.57% 12.84%]), and on average 7.21% greater than the SAO modality (the 95% confidence interval of the difference was [2.08% 12.35%]). No significant difference was found between the MI modality and the SAO modality. All 16 subjects in the hybrid modality reached a classification accuracy above 70%, while only 11 and 13 attained this in motor imagery and the SAO modality respectively. All subjects surpassed the trialnumber corrected chance level [36] 61.67% with p = 0.01.
In addition to the generality of the hybrid two-class BCI system, the BCI system comprised of R-MI and L-SAO was compared with MI and SAO. One-way ANOVA with repeatedmeasures also showed a significant modality effect (F(2,30) = 8.58, p = 0.0042). Multiple comparisons with Bonferroni correction (with α = 0.05) showed that the hybrid modality (R-MI and L-SAO) had a classification accuracy that was significantly higher than both MI and SAO.
B. Hybrid for Novel Types of Multiple-Class BCI Systems
The 4 three-task scenarios were extracted for discrimination analysis, i.e. T1 (L-MI, R-MI, L-SAO), T2 (L-MI, R-MI, R-SAO), T3 (L-MI, L-SAO, R-SAO), T4 (R-MI, L-SAO, R-SAO). The performance was analyzed off-line using a one vs one CSP algorithm and 10 × 10 cross validation. One way ANOVA with repeated measures showed that there was no significant difference in classification accuracy among T1, T2, T3 and T4. Fig. 3 illustrates the performance of the threeclass BCI system. All subjects surpassed the theoretical 33.3% random chance level (trial-number corrected chance level 42.78% with p = 0.01), and reached an averaged accuracy of 68.1±11.5% after subject specific selection among T1, T2, T3 and T4.
The subjects in the Hybrid-Group performed four cognitive tasks. Thus, the 4-class discrimination was also tested. The time interval for the taskline discrimination of the four mental tasks corresponded to [1 4 ] s after the appearance of the cue, and that for the baseline discrimination of the four mental tasks corresponded to [−1.5 0] s before the appearance of the cue. During the time period of [−1.5 0] before the appearance of the cue, subjects did not perform any tasks but waited for the cue to start the MI or SAO task. Thus in singletrials, the base-line interval of [−1.5 0] has its own specific class label. The performance was analyzed off-line using a one vs one CSP algorithm and 10 × 10 cross validation, as shown in Fig. 4 . Results show that taskline discrimination accuracy was significantly different from baseline discrimination (F(1,15) = 114.28, P < 0.001). Two subjects had an accuracy above 70%, and one subject attained 76.5% accuracy, with group mean accuracy of 54.1±11.4%. Combined with the pairwise classification results from Table I , it is evident that the separability of the ipsilaterial MI and SAO tasks was the key factor affecting the current four-class discrimination (70.7% on average for ipsilaterial left tasks and 69.0% for the right tasks), likely due to both the limited spatial resolutions of EEG and the physical proximity of the ipsilateral motor and somatosensory cortices. 
C. Characteristics of Brain Signals From Motor and Somatosensory Cortex Separately Induced by MI and SAO
To obtain a better insight into the relation between MI and SAO mental tasks, and the origin of the advantage of the hybrid task over single motor task modality, Fig. 5 shows the time varying grand-averaged ERD/ERS at the small-laplacian filtered C3 and C4 channels corresponding to the four mental tasks (for the alpha beta frequency band [8 26] Hz, which covers most of the frequency information in sensorimotor rhythm, and this would have a comprehensive view of the current frequency band used for classification and analysis). The left hand and right hand motor imagery tasks in Fig. 5 (1)(2) showed a stronger contralateral activation as compared to ipsilateral activation. During left hand motor imagery, the ERD of the contralateral right hemisphere (channel C4) was more pronounced than that of the ipsilateral hemisphere (channel C3). Conversely, during the right hand motor imagery, the ERD of the contralateral left hemisphere (channel C3) was more pronounced than that of the ipsilateral hemisphere (channel C4). In addition, this electrophysiological phenomenon was in accordance with the principle of the CSP algorithm, which obtains the spatial filters by maximizing the variance of one class while minimizing that of the other class. Similarly, the SAO tasks in Fig. 5 (3)(4) also showed a stronger contralateral activation, which suggested that the spatial filtering technique might also be applicable to this attention task. Besides, Fig. 6 illustrates the grand-averaged ERD/ERS distribution across the whole scalp during the four mental tasks. It has shown a clear contralateral concentration in both MI and SAO task, while SAO task has shown a stronger ERS in occipital region as compared with MI task. Furthermore, the R 2 value distribution in the three modalities were further compared, as shown in Fig. 7 . More generally, the grandaveraged R 2 distribution among different BCI modalities was also further compared, as shown in Fig. 8 . The discriminative information in the hybrid modality was more pronounced, and concentrated mainly on the sensory-motor area of the scalp. Therefore the two-class discrimination in the hybrid modality would have potentially better performance.
IV. DISCUSSION
A. Hybrid Scheme for Improved BCI Performance
This study proposes a unique approach to enhance two-class BCI performance by inducing discriminative EEG sources in both the motor and somatosensory cortices (i.e., by performing mental tasks of MI and SAO). The approach complements the algorithmic research in MI, which has improved the BCI performance by exclusively machine learning [18] , [37] . Currently available decoding methods using only MI based BCIs may have reached the limit of their performance [6] , [7] , [16] . Because of this performance limit, the "BCIilliteracy" problem has become a challenge [20] . Approaches to face this problem are long training sessions [23] , co-adaptation of the subject and the machine [26] , or hybrid systems, such as the one we previously proposed based on somatosensory stimulation [22] , [27] . In the current study, EEG signals induced by MI and SAO in a hybrid scheme (hybrid modality) allowed for an improvement of classification accuracy by 12.49% with respect to the traditional MI based BCIs. Furthermore all subjects in the hybrid modality crossed the 70% accuracy line, with an average performance of 86.1%. Thus the hybrid modality, i.e., combining MI and SAO, offers an alternative approach for enhancing two-class BCI performance.
The current experimental paradigm strongly suggests that changing one of the motor imagery tasks to a SAO task can significantly improve the BCI performance. Within the Hybrid-Group, this effect was 7.70% with respect to MI and 7.21% with respect to SAO alone. The investigation of the hybrid effect was partly motivated by our previous work [27] , in which mechanical vibrotactile stimulation was applied to both wrists, and subjects performed a stimulation sensation task and a MI task forming a hybrid two-class BCI. The current work is a significant advance from our previously proposed hybrid BCI study, since we have now proven that the hybrid system works also without physical stimulation.
B. SAO Based Independent BCI and Considerations on the Experimental Paradigm
We assumed that the subjects tried their best to perform the predefined left hand and right hand MI task, but not all subjects could generate strong and sufficiently separable brain activity. Finding other mental tasks that provide spontaneous EEG and that can be reliably classified is thus necessary. The current experiment demonstrated that the SAO task not only manifests in EEG rhythms, but can also be decoded on a single-trial basis, further supporting our recently proposed SAO-based BCI study [28] . Compared to tactile BCIs, based on steady-state somatosensory evoked potential (SSSEP) [38] and oscillatory dynamics from the somatosensory cortex [39] , the physical stimulation to the hands was not required in SAO. The SAO-based BCI could be recognized as a stimulusindependent BCI modality for somatic attention decoding. For the first time, the performance of the SAO has been compared with that of MI with a superior performance. Although some subjects performed better in the SAO than MI scheme (e.g. S4, S7 and S16), at the group level no significant differences were observed between SAO and MI, possibly due to the poor spatial resolution of the and vicinity between motor and somatosensory cortices.
In order to reduce or avoid the learning effect when comparing the performance of the hybrid modality with respect to the traditional MI BCI, the mental tasks (L-MI, R-MI, L-SAO, R-SAO) were randomly performed by the subjects in the Hybrid-Group. Besides the within group study, a betweengroup study was also performed with a Control-Group who only performed the mental tasks L-MI and R-MI. The performance of MI was similar in the Control-Group and Hybrid-Group. We did not have a separate SAO ControlGroup in the current study since in our previous study [28] we demonstrated that this group has an average accuracy of approximately 75.7%. In the current hybrid study, the results demonstrated a comparable superior performance when compared with an independent SAO modality only.
C. Hybrid Scheme for Novel Types of Multi-Class BCI Systems
In the study by Pfurtscheller et al. [40] , an averaged kappa coefficient of 0.418 was reported when four MI tasks were performed, i.e. left hand MI, right hand MI, foot MI, and tongue MI. This equals to a mean classification accuracy of 56.3%. Similar levels (54.5%) were obtained by the same group using the same four-class paradigm and LDA classifier [41] . In our study, combining MI with SAO, resulted in an average accuracy of 68.1% in the three-class and 54.1% in the four-class discrimination, demonstrating comparable performance. Implementing a hybrid combination of SAO with MI has the potential to further increase the number of BCI commands when the number of MI commands meet its limit.
Recently, a hybrid three-class tactile BCI was proposed by Breitwieser et al. [42] , who combined the steadystate somatosensory evoked potential and transient ERP signal modalities. They demonstrated that an average accuracy of 57%, achieved by proper signal fusion in off-line analysis. This accuracy was significantly greater than using SSSEP or tERP alone. Our current three-class BCI system without external tactile stimulation has shown an increased performance, and would be a good candidate for new types of multi-class systems in a stimulus-independent framework.
D. Limitations
In the current study, CSP spatial filters have been applied to all task pairs, although they may not be optimal for ipsilateral tasks [35] . Other optimization principles for spatial filters, such as based on mutual information [18] , or potentially other features designed specifically for ipsilateral task discrimination, should be explored. The C3 and C4 channels are physically located above the central sulcus of the cortex, while the primary motor cortex and the somatosensory cortex are anterior and posterior to the central sulcus respectively. Hence the EEG signals from C3 and C4 reflect the activity from both the motor and the somatosensory cortex. Due to the physical proximity between these two brain regions and the volume conduction, the EEG from C3 and C4 might not have sufficient discriminative power for the activities from the motor and somatosensory cortices (induced by the MI task and the SAO task, respectively) as shown in Fig. 6 , which has shown very similar activation in sensory-motor cortex. Interestingly, we have found that SAO tasks exhibited a much stronger ERS in occipital region, which would be the difference between SAO and MI in current experimental study. Methods with greater spatial resolution, such as functional near infrared spectroscopy (fNIRS) [43] may be combined with EEG for further increasing the discrimination of ipsilateral tasks. High resolution techniques, such as fMRI and NIRS, are also needed to investigate the relation between MI and SAO.
In the recruited 32 subjects, only two were female and all were right-handed. In future studies, the balance of mixed gender and handedness should be considered. Moreover, since some subjects may find it difficult to perform SAO-based BCI control, additional sensory stimulation training will be further implemented to improve SAO performance.
V. CONCLUSION
By using cortical activity from both the motor (MI task) and the somatosensory cortices (SAO task), a stimulus-independent hybrid modality significantly improved the two-class BCI performance. The SAO mental task showed a comparable performance to the MI in the absence of tactile stimulation, which is in agreement with our previous studies. The proposed stimulus-independent hybrid BCI also provides a novel type of multi-class BCI, expanding the number of BCI commands.
